Introduction {#Sec1}
============

*Mycoplasma gallisepticum* (MG) are wall-less prokaryotic microorganisms that belong to the family *Mycoplasmataceae* and class *Mollicutes* \[[@CR1]\]. MG is the primary aetiologic agent of infectious sinusitis in game birds, turkeys, passerine birds and pigeons of all ages and chronic respiratory disease in chickens \[[@CR2]\]. This pathogen is highly virulent and causes major economic losses in the poultry industry worldwide. It has been reported that MG infection causes immune dysregulation in poultry \[[@CR3]\], but the underlying mechanism is still unclear. It has been previously demonstrated that MG infection causes atrophy in chicken lymphoid organs such as the thymus, bursa and spleen \[[@CR4]\]. Studies on the thymus are especially important in infectious disease immunology because the thymus is a primary lymphoid organ and a site for the maturation of T cells that finally colonize secondary lymphoid organs to fight against invading pathogens \[[@CR5]\]. Theoretically, thymic injury can cause immune impairment and results in serious consequences associated with the development of an immature immune system, which are associated with tissue homeostasis \[[@CR6]\]. Fascinatingly, birds lacking a thymus are unable to clear MG infection, and increased lesions were observed in these birds compared to normal birds \[[@CR7]\]. These findings showed that a fully functional humoural and cellular immune system is essential to eliminate MG infections. However, the effect of MG infection on thymus function is still elusive and needs to be studied.

Previous studies demonstrated that MG infection causes respiratory distress and chronic infection mainly by the colonization of the host cells \[[@CR8]\]. Moreover, persistent and increased oxidative stress induced immune impairment through cellular DNA damage and biomolecule fragmentation \[[@CR9]--[@CR11]\]. The complex interaction between cells inflammatory cytokines/chemokines is associated with disease outcome. However, immunoregulatory and inflammatory cytokines are involved in the stimulation of leukocytes, in which promotes bacterial clearance \[[@CR12]\]. The dysregulation of these molecules, including but not limited to interleukin-6 (IL-6), IL-1β, IL-8, IL-10, gamma interferon (IFN-γ), and tumor necrosis factor alpha (TNF-α), has been found to play a critical role in mycoplasma disease pathogenesis \[[@CR8]\]. In addition, MG produces oxidative stress, which further exacerbates the inflammatory response, and both oxidative stress and inflammation are crucial factors that can induce apoptosis \[[@CR2]--[@CR4]\]. For instance, it was suggested earlier that the severity of clinical disease is proportional to the level of apoptosis \[[@CR13]\]. However, further research is needed to investigate the mechanism of MG-induced oxidative stress and apoptosis in the thymus of chickens. Previous reports demonstrated that autophagy plays a critical role in the cell homeostasis mechanism associated with many pathological and physiological conditions \[[@CR14]\]. Autophagy protects cells from invading pathogens and clears invading microbes \[[@CR15]\]. Our previous study showed that MG induced autophagy through the ERK signalling pathway in a process mediated by toll-like receptor 2 (TLR2) in RAW264.7 cells \[[@CR16]\]. Hence, the induction of autophagy by natural or chemical drugs could be a promising strategy to prevent MG infection.

Baicalin is derived from the plant *Scutellaria baicalensis* Georgi belonging to the family *Lamiaceae*. It is famous in many countries, including the Russian Federation, European countries and several East Asian countries, for its potential pharmacological properties \[[@CR17]\]. The chemopreventive properties of baicalin have been attributed to its multifold pharmacological effects, including anti-tumour effect, anti-inflammation effect, apoptosis modulation, autophagy induction, cell cycle arrest, metastasis suppression and oxidative stress inhibition \[[@CR18]\]. Recently, studies reported that baicalin can upregulate the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) signalling pathway \[[@CR19], [@CR20]\]. Nrf2 was reported to be responsible for cytoprotection and to stimulate a number of antioxidant and detoxifying enzymes, including NAD(P)H:quinone oxidoreductase-1 (NQO-1), glutathione S-transferase (GST) and heme-oxygenase-1 (HO-1) \[[@CR21]\]. However, the protective role of baicalin against MG infection-mediated oxidative stress and apoptosis in the chicken thymus has not been reported. The main objectives of the present study were to investigate the protective properties of baicalin against MG-induced oxidative stress and apoptosis in the chicken thymus. We noted that baicalin is associated with Nrf2 upregulation at the molecular level and activated antioxidant enzymes. The complex interplay among oxidative stress, inflammation-related cytokines, apoptosis and the Nrf2 signalling pathway was the major mediator of baicalin-mediated protection.

Materials and methods {#Sec2}
=====================

Reagents and chemicals {#Sec3}
----------------------

Baicalin (purity ≥ 98.0%) was provided by Huifeng Animal Health Co., Ltd. (Harbin, Heilongjiang, China). The detection kits for antioxidant parameters CAT, SOD, MDA, GSH and γ-GT were purchased from the Nanjing Jiancheng Institute of Biotechnology (Nanjing, China). TRIzol reagent was obtained from Life Science Technologies Corporation (Cal., USA). Gibco BRL (Gaithersburg, MD, USA) provided foetal bovine serum (FBS). Eosin, and haematoxylin dye was purchased from Nanjing Chemical Reagent Factory (Nanjing, China). Isopropanol, methanol, glycine, ethanol (99.0) and chloroform were provided by Kermel Chemical Reagent Company (Tianjin, China).

Growth of MG strain R~low~ {#Sec4}
--------------------------

MG strain R~low~ was obtained from Harbin Veterinary Research Institute (Heilongjiang, China), Chinese Academy of Agricultural Sciences. Modified Hayflick medium, consisting of 0.1% nicotinamide adenine dinucleotide (NAD), 0.05% penicillin, 20% FBS, 0.05% thallium acetate and 10% freshly prepared yeast extract, was used to culture MG as described in a previous study \[[@CR16]\]. A change in colour from phenol red to orange was observed when MG reached the mid-exponential phase.

Experimental animals and treatments {#Sec5}
-----------------------------------

Healthy white leghorn chickens (1 day old) were obtained from Chia Chau chicken farm (Harbin, China). Chickens were adapted to experimental conditions before starting experiments. Ad libitum feed and fresh drinking water were provided to chickens. The experimental groups included the (A) control group (B) MG-infected group (C) baicalin group (450 mg/kg) and (D) MG-treated baicalin group (450 mg/kg). A previously published method \[[@CR22]\] was used to challenge chickens with MG strain R~low~ at a density of 1 × 10^9^ CCU/mL. Baicalin treatment was started after 3 days of MG infection and given orally \[[@CR23]\] once per day for seven consecutive days. Chickens were sacrificed after 7 days of baicalin treatment, and thymus samples were collected for further analyses.

Determination of antioxidant activities {#Sec6}
---------------------------------------

CAT, SOD, MDA, γ-GT and GSH-Px enzyme activities were measured in thymus tissues according to the manufacturer's instructions (Jiancheng Bioengineering Institute, Nanjing, China). Fresh samples were prepared in ninefold physiological saline at 4 °C and centrifuged (1000 × *g*) for 10 min. The supernatant was collected and used to examine the above enzyme activities.

Cytokine activities assay {#Sec7}
-------------------------

Thymus samples were first homogenized in physiological saline solution and centrifuged for 10 min at 1000 × *g*. The supernatant was collected, and TNF-α, IL-6, IL-1β and IL-8 enzyme activities were determined by ELISA according to the manufacturer's instructions. A blank control and duplicate samples were run on an iMARKTM microplate reader (Bio-Rad Co., Ltd. Shanghai, China).

Histopathological and ultrastructural observations {#Sec8}
--------------------------------------------------

Thymus samples were prepared for histopathological examination as described previously \[[@CR24]\]. In brief, samples were fixed in 10% neutral formalin and processed in graded ethanol. The specimens were then processed for paraffin wax, cut into sections and mounted on glass slides. Next, the slides were stained with eosin and haematoxylin dye and observed under a light microscope (Nikon E100, Tokyo, Japan). Ultrastructural examination was carried out as described previously \[[@CR25]\], with a few modifications. Briefly, thymus samples were fixed in 2.5% glutaraldehyde and rinsed twice in 0.2 M phosphate buffer (pH = 7.2) for 15 min. Afterwards, the specimens were fixed in 1% osmium tetroxide for 1 h, dehydrated in graded ethanol and embedded in epoxy resin. Following staining with uranyl acetate, ultrathin sections were then observed under a transmission electron microscope (GEM-1200ES, JEOL Ltd., Tokyo, Japan).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) assay {#Sec9}
------------------------------------------------------------------------------------

The apoptotic cells in the thymus tissues of all experimental groups were detected by terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL) assay. Thymus samples were first fixed in 4% formalin, processed in graded ethanol for dehydration and embedded in paraffin wax. The embedded specimens were then cut into very small sections and mounted on glass slides, and the apoptotic cells were detected by a TUNEL assay kit (Roche Diagnostics GmbH, Mannheim, USA) according to the instructions of the kit. Endogenous peroxidase activity was inhibited by hydrogen peroxide following treatment with proteinase K. The slides were incubated in the terminal TdT/nucleotide mixture for 1 h at 37 °C. Afterwards, diaminobenzidine and horseradish peroxidase were used to label nuclei, haematoxylin was used for counterstaining, and the slides were observed under a microscope (80i, Nikon Eclipse, Tokyo, Japan).

RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) {#Sec10}
-----------------------------------------------------------------------------

Total RNA was isolated from chicken thymus samples from each experimental group using TRIzol reagent. The purity and concentration of the RNA were determined spectrophotometrically by a NanoDrop (Thermo Scientific, Carlsbad, USA) at 260/280 nm \[[@CR26]\]. The RNA samples were converted into first strand cDNA using a cDNA synthesis kit (Cat. \# RR047A, Takara, Dalian, China) according to the manufacturer's instructions. One microgram of total RNA was treated with gDNA eraser (42 °C for 2 min) to remove genomic DNA from the samples. Then, the samples (20 µL) were reverse transcribed at 37 °C for 15 min and 85 °C for 5 s in a gradient thermocycler machine (Goettingen, Germany). qRT-PCR was carried out with a kit in a 20 µL reaction volume in a Roche LightCycler instrument (Shanghai, China) according to the manufacturer's instructions (Cat. \# RR820A Takara, China). The amplification conditions are as follows. The initial denaturation was carried out at 95 °C for 30 s, followed by 2-step PCR (40 cycles: 95 °C for 5 s, and 60 °C for 45 s) and dissociation. The gene-specific primers are shown in Table [1](#Tab1){ref-type="table"}. The β-actin gene was used as an internal reference gene. The data were analysed by the Livak and Schmittgen method \[[@CR27]\].Table 1**List of primers used for qRT-PCR**S. No.Gene namePrimers (from 5′ to 3′)Product length1TLR2-AForward 5′-TCGCTCCAACACCTTCGCATTCReverse 5′-GATTGTCACCGTCGATCCTCAGC1812TLR2-BForward 5′-TCCTCATCCTGGTGGTCGTTGGReverse 5′-GGCTTCCGCTTGGCTTGGAG883TLR4Forward 5′-TTCGGTTGGTGGACCTGAATCTTGReverse 5′-ACAGCTTCTCAGCAGGCAATTCC1144NLRP3Forward 5′-GCTCCTTGCGTGCTCTAAGACCReverse 5′-TTGTGCTTCCAGATGCCGTCAG1505IL-10Forward 5′-CAGCACCAGTCATCAGCAGAGCReverse 5′-GCAGGTGAAGAAGCGGTGACAG946IL-18Forward 5′-AGATGATGAGCTGGAATGCGATGCReverse 5′-ATCTGGACGAACCACAAGCAACTG977PTGEForward 5′-GCCTTCTACAGCACGATCCTGATCReverse 5′-GCCTTCTTCCTGAGCCTCACTTG808ALOX5Forward 5′-GCGGTTCACAATAGCCATCAACACReverse 5′-GCTGTAGGTCAGGTCCTTCATTGC1399ALOX15BForward 5′-GTGAAGGAGCGGACAGTGAAGTGReverse 5′-AACCAGGCATCCTCCAGGAAGAG9510LOXHD1Forward 5′-CACAGACAAGACCTTCCGCTTCCReverse 5′-GCAGTCCGTTCCTTCAGTTCCAG12311IFN-γForward 5′-TTCCTGATGGCGTGAAGAAGGTGReverse 5′-TCGGAGGATCCACCAGCTTCTG12912GSDMAForward 5′-AGCCTCACAGAAGCCATCTCCTACReverse 5′-GCTGCTGCTGCTCGCTGAAG19613GSDMEForward 5′-GCTGCGTGCCTGCTCTGATCReverse 5′-GCTCAGTGCCAAGGTGCCATC8814TRAF2Forward 5′-CGTGGTGATGAAAGGACCCAReverse 5′-AATGATGTGCTCCCGGTTGT10015TNF-R1Forward 5′-CCTGTCTGTCTTCCCTGTCCReverse 5′-GGTGCATGGGGTCTTTTCTA12016TRADDForward 5′-CTAGAGCCCAAAGGAAGTCGATReverse 5′-TGGCTGCTTCTCTGTGACAT10017FADDForward 5′-GGGGTAAAGAGGCTGAACTCTTAReverse 5′-TGAGTCCTATTGCACTGCTGTC16318Nrf2Forward 5′-GATGTCACCCTGCCCTTAGA-3′Reverse 5′-TCGTTCCATTTGTTCCTTCTG-3′12419GPX-1Forward 5′-AAGTGCTGCTGGTGGTCAACGReverse 5′-GTTGGTGGCGTTCTCCTGGTG15520GPX-3Forward 5′-GTGGCAGAGGAGTTCGGCAACReverse 5′-TCTTGACAGTGGCGATGTTGGC15121PRDX6Forward 5′-GCATCCGCTTCCACGACTTCCReverse 5′-GGCGTTGATGTCCTTGCTCCAG20022MAP1LC3Forward 5′-GCTGCCAGTGCTGGACAAGACReverse 5′-TCCTCATCCTTCTCCTGCTCGTAG18923Beclin-1Forward 5′-ACCGCAAGATTGTGGCTGAAGACReverse 5′-TGAGCATAACGCATCTGGTTCTCC16324mTORForward 5′-AACCACTGCTCGCCACAATGCReverse 5′-CATAGGATCGCCACACGGATTAGC12025HO-1Forward 5′-TCATTGGCAAGAAGCATCCAGAGC-3′Reverse 5′-GAACTTGGTGGCGTTGGAGACTC-3′17626NF-κBForward 5′-CACATGGTGGTGACCGCCAATAG-3′Reverse 5′-GTGCCATCGTATGTAGTGCTGTCC-3′19427TNF-αForward 5′-TGATCGTGACACGTCTCTGC-3′Reverse 5′-CAACCAGCTATGCACCCCAG-3′8828IL-6Forward 5′-TTCACCGTGTGCGAGAACAGC-3′Reverse 5′-CAGCCGTCCTCCTCCGTCAC-3′8029IL-1βForward 5′-AGCAGCCTCAGCGAAGAGACC-3′Reverse 5′-GTCCACTGTGGTGTGCTCAGAATC-3′9030BaxForward 5′-ACTCTGCTGCTGCTCTCCTCTC-3′Reverse 5′-ATCCACGCAGTGCCAGATGTAATC-3′17431Caspase-3Forward 5′-TACCGGACTGTCATCTCGTTCAGG-3′Reverse 5′-ACTGCTTCGCTTGCTGTGATCTTC-3′16632Caspase-8Forward 5′-GGAAGCAGTGCCAGAACTCAGAAG-3′Reverse 5′-TTGTTGTGGTCCATGCACCGATAG-3′17433Caspase-9Forward 5′-CCGAAGGAGCAAGCACGACAG-3′Reverse 5′-CATCTAGCATGTCAGCCAGGTCAC-3′12134P53Forward 5′-GGAGATGGAACCATTGCTGGAACC-3′Reverse 5′-GCTCCTGCCAGTTGCTGTGATC-3′11335Bcl2Forward 5′-GAGTTCGGCGGCGTGATGTG-3′Reverse 5′-TTCAGGTACTCGGTCATCCAGGTG-3′9236Cytochrome CForward 5′-CCTAATCGCCGTGGCCTTCTTAAC-3′Reverse 5′-GGAGGAGGTAGATGGTCGGATTGG-3′16337NQO1Forward 5′-TCGCCGAGCAGAAGAAGATTGAAG-3′Reverse 5′-GGTGGTGAGTGACAGCATGGC-3′19138GSTA2Forward 5′-GGAGTCAATCCGGTGGCTGTTAG-3′Reverse 5′-GGCTCTGCTCTGCACCATCTTC-3′16339ATG5Forward 5′-GGACGCATACCAACCTGCTTReverse 5′-TGCCATTTCAGTGGCGTACC20040DyneinForward 5′-CGTTGCCAGCGTTACACCTATCCReverse 5′-GCCAGGACTGCCACCAACAC16341F-actinForward 5′-ACCTGGATTGGAGAGGATGTCAGCReverse 5′-CGGCCTTCTTCAGCTCGTTCTTG16042α-TubulinForward 5′-GCGGCACGGCAAGTACATGGReverse 5′-CTTGGTCTTGATGGTGGCGATGG9443TGFβ1Forward 5′-GCCGACACGCAGTACACCAAGReverse 5′-GCAGGCACGGACCACCATATTG16844β-actinForward 5′-CAACACAGTGCTGTCTGGTGGTAC-3′Reverse 5′-CTCCTGCTTGCTGATCCACATCTG-3′199

Western blotting {#Sec11}
----------------

Western blotting was performed based on a previous procedure with some modifications \[[@CR28]\]. In brief, protein samples were separated with SDS-PAGE (8--12%) and transferred to PVDF membranes (Pall Corporation, USA). After blocking the membranes with 5% skim milk for 1 h at room temperature, the membranes were washed three times with TBST and incubated with primary antibodies, including Nrf2 (1:500, Bioss Antibodies Inc. Beijing, China), HO-1 (1:800, Bioss Antibodies Inc. Beijing), Caspase-3 (1:500, Wanleibio Co., Shanghai, China), Caspase-9 (1:1000, Wanleibio Co.), Bcl2-associated X protein (Bax) (1:500, Wanleibio Co.), Cytochrome-C (1:800, Wanleibio Co.), B cell lymphoma-2 (Bcl-2) (1:500, Wanleibio Co.) and β-actin (1:1000, Bioss Antibodies Inc. Beijing), overnight at 4 °C. The membranes were washed an additional three times with TBST and incubated with secondary goat anti-rabbit (1:3000, Bioss Antibodies Inc. Beijing) or anti-mouse (1:3000, Bioss Antibodies Inc. Beijing) horseradish peroxidase-conjugated IgG. The membranes were then visualized with enhanced chemiluminescence (ECL, Biosharp Life Sciences, China) reagent after washing three times with TBST for 10 min each time. β-actin was used as a loading control antibody.

Statistical analysis {#Sec12}
--------------------

Statistical significance (*p* ≤ 0.05) was determined by one-way ANOVA among groups using the software statistical package for social sciences (SPSS, version 21.0). GraphPad Prism version 6.0 was used to draw all the graphs. The heatmap was made with heatmap illustrator software (HemI, version 1.0.3.7).

Results {#Sec13}
=======

Effect of baicalin on antioxidant activities {#Sec14}
--------------------------------------------

The activities of antioxidants, including SOD, GSH-Px, CAT, MDA and γ-GT, (Figure [1](#Fig1){ref-type="fig"}) were examined in thymus samples of chickens from all experimental groups. CAT, SOD and GSH-Px activities were significantly (*p* \< 0.05) decreased in the MG-infected group compared to the control group and the baicalin group. Meanwhile, MDA and γ-GT activities were significantly (*p* \< 0.05) increased in the MG-infected group. However, baicalin treatment significantly (*p* \< 0.05) alleviated the alteration in SOD, CAT, MDA and γ-GT activities, but not the alteration in GSH-Px activity, which did not show a significant increase (*p* \> 0.05) in the MG-treated baicalin group compared to the MG-infection group. These findings showed that baicalin has the potential to alleviate oxidative stress in the thymus tissues of chickens. In addition, compared to the control condition, baicalin treatment alone had no significant effect on SOD, GSH-Px, CAT, MDA and γ-GT activities.Figure 1**Effect of baicalin and MG infection on chicken thymus antioxidant activities.** Antioxidant activities are displayed in this figure. The experimental groups included the control group, MG-infected group, Baicalin group (450 mg/kg) and MG-treated baicalin group (450 mg/kg). \**p* \< 0.05 vs. the control group, and ^\#^*p* \< 0.05 vs. the MG-infection group. The results are expressed as the mean ± SD (*n* = 3).

Histopathological and ultrastructural observations {#Sec15}
--------------------------------------------------

To clarify the protective effects of baicalin against MG infection-induced damage in the thymus, histopathological and ultrastructural observations were performed. Histopathological results (Figure [2](#Fig2){ref-type="fig"}) revealed increased nuclear debris, inflammatory cell infiltrates, and a few vacuoles in the thymocytes of chickens from the MG-infected group compared to those from the control group and baicalin group. In contrast, cells from the control group showed normal morphology, fewer vacuoles and compactly arranged cells. Ultrastructural examination (Figure [3](#Fig3){ref-type="fig"}) also showed normal morphology of cells in the control group but revealed many apoptotic features, such as chromatin condensation, mitochondrial swelling and cell damage, in the MG-infected group. However, the above abnormal morphological signs partially disappeared with baicalin treatment. These findings suggested that baicalin could protect structural integrity and inhibit MG infection-induced immune impairment in chicken thymus.Figure 2**Histopathological analysis of chicken thymus.** Histopathological examination of the thymus specimens of four experimental groups is shown in this figure (scale bar = 20 mm). The experimental groups were the **A** control group, **B** MG-infected group, **C** baicalin group (450 mg/kg), and **D** MG-treated baicalin group (450 mg/kg). The photomicrographs showed obvious reticular cells (red arrows), lymphocyte exudation (white arrows) and cell necrotic debris (yellow arrows). Figure 3**Ultrastructural analysis of chicken thymus.** Transmission electron microscopic examination of thymus samples from the four experimental groups is shown in this figure (scale bar = 2 µm). The experimental groups were the **A** control group, **B** MG-infected group, **C** baicalin group (450 mg/kg) and **D** MG-treated baicalin group (450 mg/kg). Clear signs of apoptosis were observed, including mitochondrial swelling (black arrows), membrane deformation (blue arrows) and broken mitochondrial cristae (yellow arrows).

Effect of baicalin on cytokine activities {#Sec16}
-----------------------------------------

MG infection induced oxidative stress in the chicken thymus, which acts as a second messenger to interrupt cytokines. The dysregulation of cytokine activities caused immune impairment during MG infection \[[@CR3]\]. ELISA was used to measure cytokine activities (Figure [4](#Fig4){ref-type="fig"}) to determine MG-induced alterations and the effect of baicalin on these activities in the thymus of chickens. Compared to the control group and the baicalin group, the MG-infected group showed increased TNF-α (*p* \< 0.05), IL-6 (*p* \> 0.05), IL-1β (*p* \> 0.05) and IL-8 (*p* \> 0.05) activities. Meanwhile, baicalin treatment significantly restored the MG-induced increase in TNF-α (*p* \< 0.05) enzyme activity, but the IL-6, IL-1β and IL-8 levels were not significantly different (*p* \> 0.05) between the MG-treated baicalin group and the MG-infected group. Additionally, compared to the control condition, baicalin treatment alone had no significant effect on the activities of TNF-α, IL-6, IL-1β and IL-8.Figure 4**Effect of baicalin and MG infection on Pro-inflammatory cytokine activities.** Pro-inflammatory cytokine activities are shown in this figure. The experimental groups included the control group, MG-infected group, baicalin group (450 mg/kg) and MG-treated baicalin group (450 mg/kg). \**p* \< 0.05 vs. the control group, and ^\#^*p* \< 0.05 vs. the MG-infection group. The results are expressed as the mean ± SD (*n* = 3).

The mRNA expression profile of genes involved in apoptosis, autophagy, inflammatory response and defence pathways in the thymus of chickens {#Sec17}
-------------------------------------------------------------------------------------------------------------------------------------------

A heatmap (Figure [5](#Fig5){ref-type="fig"}) shows the mRNA expression profile of genes involved in different signalling pathways, including autophagy, apoptosis, death receptor signalling, inflammation and the Nrf2 defence pathway, in the thymus tissues of chickens. The results revealed significant changes in the mRNA expression profiles of these genes in the MG-infected group relative to the control group. However, baicalin treatment restored the changes in the mRNA expression of these genes to some extent. A detailed description of the apoptosis and Nrf2 pathways is given below.Figure 5**Heat map showing the relative mRNA expression levels of genes involved in multiple signalling pathways, including apoptosis, autophagy, Nrf2, inflammation and death receptor pathways.** The mRNA expression levels of genes are shown using the indicated pseudo colour scale. The experimental groups included the control group, MG-infected group, baicalin group (450 mg/kg) and MG-treated baicalin group (450 mg/kg).

Baicalin inhibited MG-induced apoptosis in the thymus tissues of chickens {#Sec18}
-------------------------------------------------------------------------

Apoptosis plays a crucial role in the selection of T cells in the thymus. Figures [6](#Fig6){ref-type="fig"}A and B show the mRNA and protein expression profiles of apoptosis-related genes. The mRNA expression levels of Cytochrome-C, p53, Bax, Caspase-8, Caspase-3 and Caspase-9 were significantly (*p* \< 0.05) enhanced in the MG-infected group, while the anti-apoptotic gene Bcl-2 was significantly (*p* \< 0.05) reduced in the MG-infected group compared to the control group. In addition, caspase-9 and Bax protein expression were significantly (*p* \< 0.05) enhanced in the MG-infected group. However, the increases in Caspase-3 and Cytochrome-C protein expression were not statistically significant (*p* \> 0.05) in the MG-infected group compared to the control group. In contrast, Bcl2 protein levels were significantly (*p* \< 0.05) reduced in the MG-infected group compared to the control group. Meanwhile, a significant (*p* \< 0.05) reduction was noted in the mRNA expression of Cytochrome-C, p53, Bax, Caspase-8, Caspase-3 and Caspase-9 with baicalin intervention. Bcl2 mRNA expression was significantly (*p* \< 0.05) enhanced in the MG-treated baicalin group and baicalin group compared to the MG-infected group. In addition, baicalin significantly (*p* \< 0.05) alleviated the alteration in the protein expression of the caspase-9, Bax, Caspase-3 and Bcl2 genes, but not that of Cytochrome-C (*p* \> 0.05). Here, we also examined apoptotic cells using a TUNEL assay (Figure [7](#Fig7){ref-type="fig"}) to determine the protective role of baicalin against MG-induced apoptosis in thymus tissues. A significant increase in apoptotic cells (positive-stained brown nuclei) was noted in the MG-infected group compared to the control group and the baicalin group. However, baicalin treatment effectively decreased the number of positively stained nuclei in the MG-treated baicalin group relative to the MG-infected group. These findings demonstrated that baicalin efficiently attenuated apoptosis and could prevent immune impairment in the thymus tissues of chickens during MG infection.Figure 6**Effect of baicalin and MG infection on apoptosis-related genes.** This Figure shows the **A** mRNA expression and **B** protein expression of apoptosis-related genes in the thymus tissues of the four experimental groups. The experimental groups included the control group, MG-infected group, baicalin group (450 mg/kg) and MG-treated baicalin group (450 mg/kg). \**p* \< 0.05 vs. the control group, and ^\#^*p* \< 0.05 vs. the MG-infection group. The results are expressed as the mean ± SD (*n* = 3). Figure 7**Detection of apoptosis by TUNEL assay.** Apoptosis was analysed by TUNEL assay in all experimental groups, as shown in this figure. Brown-stained nuclei (apoptotic cells) were observed in chicken thymus. The experimental groups included the **A** control group, **B** MG-infected group, **C** baicalin group (450 mg/kg) and **D** MG-treated baicalin group (450 mg/kg).

Effect of MG infection and baicalin on the expression of the Nrf2/HO-1 pathway {#Sec19}
------------------------------------------------------------------------------

The Nrf2/HO-1 signalling pathway protects cells from oxidative damage and toxic insults. The mRNA and protein expression levels of the transcription factor Nrf2 and its downstream genes were examined in all experimental groups (Figure [8](#Fig8){ref-type="fig"}). Compared to the control condition, MG infection slightly increased (*p* \> 0.05) the mRNA (Figure [8](#Fig8){ref-type="fig"}A) and protein expression level (Figure [8](#Fig8){ref-type="fig"}B) of Nrf2 and its downstream genes. Intriguingly, both the protein and mRNA expression levels of Nrf2 and its downstream genes were significantly (*p* \< 0.05) increased in the MG-treated baicalin group compared to the control group and MG-infection group.Figure 8**Effect of baicalin and MG infection on the Nrf2 pathway.** This figure shows the effect of the four experimental treatments on the **A** mRNA expression and **B** protein expression levels of transcription factor Nrf2 and its downstream genes in chicken thymus tissues. The experimental groups included the control group, MG-infected group, baicalin group (450 mg/kg) and MG-treated baicalin group (450 mg/kg). \**p* \< 0.05 vs. the control group, and ^\#^*p* \< 0.05 vs. the MG-infected group. The results are expressed as the mean ± SD (*n* = 3).

Discussion {#Sec20}
==========

Previous studies demonstrated that MG infection causes significant economic losses to the poultry industry due to reduced egg quality and egg production, decreased carcass quality and increased susceptibility to other diseases \[[@CR1]\]. Once infected, the birds become a carrier of this pathogen and remain infected for a long time \[[@CR2]\]. Therefore, it is often difficult to eradicate this infection by culling entire flocks. Our data revealed that MG infection induced oxidative stress in the thymus of white leghorn chickens. Histological sections showed inflammatory cell infiltration with abnormal morphology in the MG-infected group. In addition, transmission electron microscopy results demonstrated that the structural integrity of the thymus was deteriorated and that signs of apoptosis were visible. These findings provide evidence that MG induces apoptosis in the chicken thymus. These findings are in agreement with previous studies \[[@CR4]\] that microscopic lesions, including mild to moderate congestion and lymphocyte depletion, were prominent in the thymus of chickens infected with MG. The thymus serves a critical role in the defence mechanism of the body, providing protection and surveillance against various pathogens \[[@CR29]\]. However, until now, MG-induced immune dysregulation in the thymus has not been reported. In the present study, MG induced apoptosis in the thymocytes of chickens. The possible cause of apoptosis is the oxidative stress produced by MG infection, which acts as a second messenger for apoptotic cell signalling and leads to lymphocyte depletion in the thymus. Thus, it is speculated that MG-induced immune impairment in chicken thymus could be due to oxidative stress damage and excessive apoptosis. Previous reports showed that oxidative stress could induce apoptosis from both mitochondrial dependent and independent pathways \[[@CR30]\]. Additionally, oxidative stress resulted in various modifications in lipid molecules associated with damage molecular patterns leading to sterile inflammation. The molecular mechanisms of the relationship between oxidative stress and inflammation were summarized in a review \[[@CR31]\]. Intriguingly, apoptosis is induced through pro-inflammatory mediators such as TNF-α, which plays a multifunctional role; TNF-α can also bind to the death receptor (TNF receptor 1, TNF-R1) and may directly activate apoptosis through the stimulation of caspases \[[@CR32]\]. In the present study, a significant increase in TNF-α activity was noted in the MG-infected group. Moreover, the mRNA expression of the death receptor was obviously increased in the MG-infected group. These findings are in line with the above studies showing that oxidative stress and TNF-α are possible factors that may be involved in apoptosis and inflammation in chicken thymus. However, additional studies are needed to clarify the mechanism that relates apoptosis, inflammation and oxidative stress in chicken thymus during MG infection.

Baicalin has been reported to be a potent antioxidant, anti-inflammatory, antibacterial, anti-viral and anticancer agent \[[@CR33]\]. The protective effects of baicalin are associated with its wide range of therapeutic properties, and baicalin can modulate various signalling pathways involved in vital body functions \[[@CR18], [@CR34]\]. In the present study, baicalin efficiently alleviated oxidative stress in thymus tissues, as evidenced by antioxidant activities. In addition, pro-inflammatory cytokine activities were decreased in the MG-treated baicalin group relative to the MG-infected group. These results are similar to previous studies showing that baicalin acts as a potential antioxidant and anti-inflammatory agent \[[@CR20], [@CR35], [@CR36]\]. Moreover, Yang et al. demonstrated that baicalin promoted regulatory T cell differentiation and can be used for the treatment of autoimmune and inflammatory diseases \[[@CR37]\]. In another study, baicalin inhibited the apoptosis of CD3^+^ T cells in the thymus of mice with polymicrobial sepsis \[[@CR38]\]. Our data showed that baicalin significantly reduced MG-induced apoptosis in thymus tissues. It is worth mentioning that treatment with baicalin alone had no significant effect on the level of apoptosis in the thymus of chickens. However, additional studies are needed to investigate the effect of baicalin on the role of apoptosis in normal thymocyte differentiation in vivo. In addition to apoptosis, autophagy plays a crucial role in innate immunity and in defending against invading pathogens by presenting degraded molecules extracellularly and/or directly degrading bacterial proteins \[[@CR15], [@CR39]\]. A previous study demonstrated that autophagy clears *Pseudomonas aeruginosa* infection by alveolar macrophages \[[@CR14]\]. Zhu et al. showed that baicalin inhibited influenza A virus H3N2-induced autophagy, which may contribute to its anti-viral activity \[[@CR40]\]. In contrast, the present data revealed that baicalin activated the MG infection-mediated inhibition of autophagy. The mRNA expression of autophagy-related genes was significantly upregulated in the baicalin-treated group relative to the MG-infection group. Thus, it is speculated that autophagy may be a potential marker for the preparation and development of novel drugs against bacterial infections. In addition to targeting autophagy, the transcription factor Nrf2 regulates numerous cytoprotective genes, which are of interest to scientists and are key targets of many therapeutic agents in various ailments \[[@CR20]\]. In the present study, the mRNA and protein expression levels of Nrf2 and its downstream genes were significantly increased in the MG-treated baicalin group compared to the MG-infected group. These results revealed that baicalin prevents oxidative stress and apoptosis in part due to its effect on the Nrf2 defence pathway. Nevertheless, additional studies are needed to determine the regulatory mechanism of baicalin on the Nrf2 pathway and apoptosis. In addition, a better understanding of the crosstalk among Nrf2, oxidative stress generation and apoptosis-related mechanisms is needed to lay a foundation for the prevention of MG infection.

In conclusion, baicalin potentially inhibited oxidative stress, pro-inflammatory cytokine activities and apoptosis and maintained the structural integrity of thymus tissues. The present study provides novel insights into the antibacterial activities of baicalin, which may be helpful in the future to investigate the relationship between multiple signalling pathways and herbal drugs against bacterial infection.
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